The application of optical heterodyne detection for transient grating spectroscopy (TGS) using a fixed, binary phase mask often relies on taking the difference between signals captured at multiple heterodyne phases. To date, this has been accomplished by manually controlling the heterodyne phase between measurements with an optical flat. In this letter, an optical configuration is presented which allows for collection of TGS measurements at two heterodyne phases concurrently through the use of two independently phase controlled interrogation paths. This arrangement allows for complete, heterodyne amplified TGS measurements to be made in a manner not constrained by a mechanical actuation time. Measurements are instead constrained only by the desired signal-to-noise ratio. A temporal resolution of between 1 and 10 s, demonstrated here on single crystal metallic samples, will allow TGS experiments to be used as an in-situ, time-resolved monitoring technique for many material processing applications. For almost two decades, transient grating spectroscopy (TGS), also known as impulse stimulated thermal scattering (ISTS), has been implemented using an optical heterodyne detection technique in an arrangement described in Ref. 1 . This methodology has been used to study the acoustic and thermal transport properties of a wide variety of systems including thin-film semiconductors, 2 microsphere lattices, 3 and suspended silicon films, 4 among many others. 5 It has also been applied to study the magnetic properties of thin films, 6 the electronic properties of 2D semiconductors, 7 and transport properties in high-T c superconductors. 8 Similar methods have been used for grain mapping in polycrystalline metals. 9 Recently, TGS has been shown to be a useful tool in evaluating the effects of irradiation in metallic systems. [10] [11] [12] In this technique, a spatially periodic material excitation is generated by periodic thermal excitation, itself produced by the interference pattern of two crossed pumping laser beams at the material surface. In reflective materials, this excitation manifests itself as surface displacement and/or transient reflectivity change. To interrogate the dynamics of this excitation, a third, probing laser beam is diffracted from the excitation. The first order diffraction of this probe is directed into a photodetector such that the amplitude of the response oscillates with the frequency of the material excitation. In TGS experiments to date, a fourth laser beam, generated from the same source as the probe, is used as a reference oscillator, allowing the diffracted probe signal to be heterodyne amplified. In this configuration, the measured signal intensity has the form
where I R is the reference oscillator intensity, I D (t) is the diffracted signal intensity, and / is the heterodyne phase difference between the reference and diffracted beams. 1 As I R is constant and usually of much greater amplitude than I D (t), the result is an overall amplification of the timedependent signal of interest.
To recover large amplitude signals suitable for the quantitative analysis of the acoustic and thermal transport properties of materials, it is a common practice to record traces at both / ¼ 0 and / ¼ 180 . These two signals can be subtracted from one another to recover the total signal amplitude 
In addition to further amplifying the recorded signal intensity, taking a set of measurements in this manner allows for the removal of any systematic noise from signals used for quantitative analysis. Such noise could include the impulse response of the photodetector or other electrical noise present near the experiment. In practice, the heterodyne phase is controlled by a manually adjustable, highly parallel optical flat in the path of the probe laser beam. A phase difference between probing and reference beams is generated as a function of the tilt angle of this flat due to small changes in the path length. 2 Measurements relying on this type of manual phase control are time-limited by the actuation time between collections at different values of /, typically in the range of tens of seconds to single minutes. This limitation must be lifted if material systems undergoing dynamic changes are to be studied using TGS. Such systems of interest may include irradiation-induced material evolution, the thermal transport properties of surfaces as oxide layer growth occurs, and the kinetics of low-temperature phase change materials.
In this letter, a modification to the optical arrangement for heterodyne amplified TGS experiments is presented which allows for the simultaneous collection of two signals with differing heterodyne phases, hereafter referred to as dual heterodyne phase collection TGS (DH-TGS). For materials that exhibit strong excitations in both displacement and reflectivity under an imposed transient grating, different dynamics can be probed by choosing the values of / other than / ¼ 0 and / ¼ 180 . 2 Of these two excitations, it is the displacement dynamics that contains information about both acoustic and thermal properties, while the reflectivity dynamics contain information about thermal transport properties alone. 13, 14 However, the surface displacement response cannot be interrogated independently, causing the thermal transport dynamics of measurements sensitive to acoustic propagation to be a combination of both displacement and reflectivity responses. 2 In light of this complexity, the performance of the DH-TGS methodology is characterized in terms of the measured acoustic response alone. For the case considered here, fixing / to 0 and 180 allows for the collection of a complete TGS measurement of the excitation of interest without the constraint of mechanical actuation.
The optical arrangement for a reflective sample is shown in Fig. 1(a) . The generation of the excitation grating on the sample under investigation is accomplished by passing a short pulsed laser through a volumetric diffraction grating, hereafter referred to as the "phase mask," which is optimized to diffract most of the light into the 61 orders. All other orders are spatially filtered, and the two pump paths are recombined at the sample using an imaging system of cemented achromatic doublets, L1 and L2. The wavelength of the intensity grating projected onto the sample is given by K ¼ MK 0 /2, where K 0 is the wavelength of the phase mask and M is the magnification ratio between L1 and L2. 1 In this implementation, a matched pair of doublets is used for L1 and L2 such that M ¼ 1.
To record two heterodyne phases concurrently, two additional laser paths are added to the standard TGS implementation as a probing beam and reference oscillator pair. All of the probing beams are generated from the same continuous wave laser source. Prior to incidence onto the phase mask, the probe path is split using a non-polarizing 50:50 beam splitter (BS). The transmitted leg of this probe is focused coincident with the pump source onto the phase mask at an angle h 1 (out of the plane of the page in Fig. 1(a) ) such that between L1 and L2, there is a vertical separation of the pump and first probing paths. The reflected probing beam from the beam splitter is re-directed so it, too, is coincident onto the phase mask as the same spot as the pump but with incoming angle h 2 > h 1 such that the vertical separation between the second probe paths and the pump is greater than that of the first pair. For both probes, the 61 diffraction orders are again retained, while the transmitted beam and higher orders are blocked. The vertical placement of each of the six beam paths in the plane of L2 is shown in Fig. 1(b) .
Between L1 and L2, the two reference oscillator beams are passed through a neutral density filter (ND) to avoid saturating the photodetectors downstream. Both probing paths are passed through a first phase adjust flat (PA1), which is used to uniquely control the heterodyne phase of I 180 S ðtÞ. The extremal probing path is passed through a vertically separated, second phase adjust flat (PA2), which adds an additional path length difference and uniquely controls the phase of I 0 S ðtÞ. Alternative geometries of the phase adjustment optics with the same independent control are possible. However, the configuration described here allows PA2 to be set and fixed to 180 offset from PA1, necessitating only the adjustment of PA1 when tuning the response of a new sample. Upon reflection and diffraction from the sample surface, the spatial coincidence of the reference oscillator and the diffracted signal for both probing paths is guaranteed by the optical geometry. In the reflection geometry, both signals pass back through L2. As these paths are now vertically separated below the plane of the pump paths, they can be picked off, separated, and directed into two fast silicon avalanche photodiodes (APD1 and APD2). The path lengths between the sample surface and APD1 and APD2 are managed such that the two signals are aligned in time when recorded on a digital oscilloscope.
The primary advantage of the optical arrangement described above over previous implementations of the technique is time resolution. The pumping laser in these types of experiments is commonly operated with a repetition rate in the single kHz range. Each measurement, therefore, is taken as an average over hundreds to thousands of laser pulses to reduce the system noise. Previously, a complete measurement of both heterodyne phases could be time resolution limited either by the signal collection time (in the case where many averages are taken) or by the mechanical action necessary to change the heterodyne phase (in the case where only a few averages are needed). By recording both these phases independently, the time resolution of the system becomes, in all cases, signal-to-noise ratio limited.
DH-TGS experiments using an optical arrangement as described above are carried out using a passively Qswitched, 532 nm, solid-state laser with a pulse length of 300 ps, a repetition rate of 1 kHz as a pump laser source with a spot size of 210 lm, and pulse energy at the sample surface of 2.38 lJ. The probe laser source is a 785 nm, CW diode laser modulated to a repetition rate of 1 kHz with a 20% duty cycle, a power at the sample surface of 4.7 mW for both probe/reference oscillator pairs, and a spot size of 175 lm. The probe laser is RF modulated to the frequency of the pump to reduce sample heating. The silicon avalanche photodetectors used have a 3 dB bandwidth of 1.0 GHz and manual external gain adjustment. Their outputs are concurrently recorded on a dual-band 5 GHz bandwidth digital oscilloscope.
In metallic samples investigated using this technique, I tot S ðtÞ has two features of interest, a damped acoustic oscillation overlaid on a non-exponential thermal decay curve. 13 A filtered power spectrum of I tot S ðtÞ can be used to identify the dominant frequencies of the surface acoustic wave (SAW) oscillations induced by the imposed transient grating. These power spectra can be used as one measure of the quality of the recorded signal. To determine a representative minimum collection time, a series of measurements is carried out on a {001} oriented sample of 99.99% pure, single crystal tungsten, varying the number of traces collected in a single measurement from 10 to 50 000. These measurements are carried out using an imposed grating wavelength of K ¼ 5.50 lm. The time-dependent signals for a 250 trace averaged measurement are shown in Fig. 2 . The long-timescale oscillation in I 0 S ðtÞ and I 180 S ðtÞ is the systematic noise due to the photodetector impulse response present in the measurement system which is removed in the composite signal, I tot S ðtÞ. The filtered power spectra for each measurement are given in Fig. 3 . Given the repetition rate of the pump laser, the sampling rate of the oscilloscope, and the communication time between the oscilloscope and the acquisition computer, the total collection time of these measurements ranged from 0.550 s to 743 s (12.5 min). As the collection time is increased, the signal-tonoise ratio of the identifiable acoustic peaks in the spectrum is increased, as expected. Table I shows statistics for each collection time, including the signal-to-noise ratio and the 95% confidence interval of the peak position parameter from a Gaussian fit to the spectrum. As there is often a DC component retained in the power spectrum from slow thermal decay, the signal-to-noise ratio is calculated over the noise floor from 0.7 to 1.3 GHz as the DC component is clearly separable from the acoustic peak of interest. The entries in Table I are the average values given from three measurements of the same record length. For measurements averaging 10 and 25 laser pulses, identifiable peaks in the power spectrum were not always apparent above the noise floor. From this series of measurements, based solely on the consistency of the appearance of peaks in the acoustic spectrum, a minimum temporal resolution of between 1 and 10 s is observed.
Using this implementation of a TGS experiment, the thermal and acoustic properties of specimens subject to some external driving force can be monitored. Drivers such as temperature, voltage, or irradiation exposure can cause drastic changes in the acoustic and thermal transport properties of materials under investigation. As a simple proof of the principle experiment, a series of DH-TGS measurements is carried out on a {111} oriented sample of single crystal aluminum subject to a temperature ramp between 50 and 250 C. Measurements were taken with K ¼ 4.78 lm, using 1000 trace collections on a 20 s interval over a period of about 30 min. If acoustic peaks are identified in the power spectrum at dominant frequencies f TG , then the surface acoustic wave (SAW) speed for each measurement can be calculated as c TG ¼ Kf TG since the imposed grating wavelength is calibrated before each experiment, as in Ref. 16 . Figure 4 shows the variation in SAW speed with temperature as measured on single crystal aluminum. The apparent linear decrease in c TG over this temperature range is consistent with SAW speeds calculated from temperature-dependent elastic constants of aluminum. 15, 17 In general, collecting traces of I tot S ðtÞ with a signal-tonoise ratio in the time domain sufficiently high enough to accurately fit thermal transport parameters requires a longer collection time than that required to identify the primary excited acoustic oscillations as discussed here. However, the difference in these time scales varies widely between different material systems. For this reason and due to contributions of the reflectivity response in the thermal decay profile, the discussion thus far has been restricted to the minimum time scale necessary to analyze the acoustic component of the DH-TGS measurement.
A comment is required concerning the difference in the angles h 1 and h 2 which control the vertical separation of the two probe paths in Fig. 1(b) . In practice, these two angles should be set as close as possible to each other while maintaining the ability to independently control the heterodyne phase of each path. The lenses L1 and L2 used in the current iteration of this experiment are achromatically, but not aspherically, corrected doublets. A small spherical aberration present in the lens system causes a focal length shift between the two probing paths. The overlap volume of the two pump beams is large enough with the spot sizes used here to allow for the simultaneous collection of both I 0 S ðtÞ and I 180 S ðtÞ with careful positioning of the sample surface in the beam path direction. Upon initial alignment, the photodetectors must be tuned to compensate for differences in signal amplitude occurring due to lens aberration and differences in intrinsic gain. The response amplitudes can be matched by setting the heterodyne phase to / ¼ 0 for both probe paths, taking the real-time Fourier transform of the photodetector response on the acquisition oscilloscope, and manually tuning the photodetector gain such that the SAW peak in the transform of each detector has the same power. Future implementations of this technique should utilize both achromatically and aspherically corrected lens systems for L1 and L2 to reduce the sensitivity to this aberration.
The removal of any long-timescale systematic error by subtracting I 0 S ðtÞ and I 180 S ðtÞ to find I tot S ðtÞ provides several improvements in the analysis of elastic properties through the measured acoustic response. As the signal intensity measured on the photodetectors is intrinsically shot-noise limited, the method proposed here relying on the upstream splitting of the same probe laser source to create both probing paths should, in theory, not result in an improvement in the overall acoustic signal intensity compared to a single-phase collection using the same probe laser source. However, as the reference oscillator needs to be attenuated to avoid saturating the photodetector, TABLE I. Characteristics of power spectra from I tot S ðtÞ at varying collection times on single crystal tungsten. The signal-to-noise ratio is calculated as SNR ¼ 10 log 10 ðP s =P n Þ, where P s is the peak signal power and P n is the maximum noise power in the range of 0.7 to 1.3 GHz. The percent peak position error is the Gaussian fit error divided by the peak position value. splitting the probe laser source allows for the ratio of the reference oscillator intensity to the diffracted signal intensity, I R /I D (t), to be increased across two detectors compared to the single detector in traditional TGS experiments. Additionally, the power spectra of short time scale collections with traditional TGS experiments which do not correct the systematic component of I tot S ðtÞ may be more complicated to analyze in the low frequency region. This complication becomes detrimental for measurements at long acoustic wavelengths or for particularly compliant materials.
In contrast to the acoustic analysis, the determination of the thermal transport properties from I tot S ðtÞ relies on model fitting, for which the removal of the systematic error by subtracting I 0 S ðtÞ and I 180 S ðtÞ is a necessary step. 2, 11 Given this requirement and the presence of a systematic component to the captured signals, which is common, DH-TGS will allow for thermal transport properties to be measured on much shorter time scales than traditional experiments. Converting existing TGS experiments to DH-TGS experiments is possible as the optical arrangement described here requires only the addition of a small number of optics and a second photodetector. The true advantage using the methodology described in this letter will be the ability to near-continuously characterize both the thermal and elastic properties of dynamic material systems undergoing some external forcing. In contrast, traditional TGS experiments have largely been limited to static material systems. This static-to-dynamic shift will allow the transient grating method to be used in in-situ applications which have not yet been practical with single heterodyne phase collection.
